Intestinal cell kinase (ICK), a ubiquitously expressed and highly conserved serine/threonine protein kinase, supports cell proliferation. Results: Phosphorylation of Raptor Thr-908 by ICK is important for full activation of mTORC1. Conclusion: ICK plays an important role in regulating the mTORC1 activity. Significance: These findings provide a novel mechanistic insight into the signaling cascades by which ICK regulates proliferation.
group of the human kinome consists of male germ cell-associated kinase (MAK) 2 (1), ICK/MRK (Intestinal cell kinase/ MAK-related kinase) (2, 3) and MAPK/MAK/MRK-overlapping kinase (4) . They all share significant homology with MAP kinases in the catalytic domain and contain a MAPK-like TXY motif in the activation T-loop (5, 6) . However, they exhibit significant divergence in the composition of their C-terminal noncatalytic domains that may confer their functional specificities by mediating associations with distinct protein complexes and cellular machinery.
Similar to MAPKs, the catalytic activity of ICK can be regulated by dual phosphorylation of its TDY motif (2, 5) . Within the TDY motif of ICK, autophosphorylation of Tyr-159 only confers basal kinase activity. Additional phosphorylation of Thr-157 is required for full activation (5) . However, the regulatory mechanism for the activation of ICK appears to be very different from that of classic MAPKs. Unlike MAPKs, the ICK kinase activity cannot be acutely stimulated by serum or growth factors. Our prior studies suggest that protein phosphatase 5 (7) and CCRK/CDK20 (cell cycle-related kinase/cyclin-dependent kinase 20) (8) are putative upstream yin-yang regulators for the phosphorylation of ICK Thr-157 (9) . We have shown that oxidative stress, which activates protein phosphatase 5, is able to inactivate ICK by dephosphorylating Thr-157 within the TDY motif (9) . Although CCRK is closely related to yeast Cak1p (Cdk-activating kinase) and mammalian CDK7 (cyclin-dependent kinase 7) , there is controversy as to whether CCRK has any intrinsic CDK activating kinase activity (8, 10) . How the activity of CCRK is regulated, which may provide an important clue to the regulatory mechanism for the activation of ICK, remains unknown.
The biological functions of the ICK/MAK/MOK family have been elusive until recently. MAK is highly expressed in testis. However, the MAK-null mouse is viable and fertile, suggesting the existence of functional redundancy or compensation for the lack of MAK in testis (11) . In the MAK-null retina, photoreceptors exhibit elongated cilia and progressive degeneration, suggesting that MAK is required for regulation of ciliary length and retinal photoreceptor survival (12) . MAK is a coactivator for androgen receptor in prostate cancer cells and is required for androgen receptor-mediated signaling and cell proliferation (13, 14) . A loss-of-function point mutation, R272Q, of ICK has been recently identified as the causative mutation in a neonatal lethal multiplex human syndrome endocrine-cerebro-osteodysplasia (ECO), implicating a key role for ICK in development of multiple organ systems (15) . Using shRNA knockdown, we have shown that suppression of ICK expression in intestinal epithelial cells markedly impaired cell proliferation and G 1 cell cycle progression (16) . Furthermore, ICK deficiency led to a significant decrease in the mTORC1 activity, concomitant with reduced expression of specific mTORC1 downstream targets, cyclinD1 and c-Myc (16) . These results suggest that ICK may target the mTORC1 signaling pathway to regulate cell proliferation and cell cycle progression.
The serine-threonine protein kinase mammalian target of rapamycin (mTOR) is the core catalytic component of two structurally and functionally distinct protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), that collectively integrates nutrient, hormonal, and energy signal inputs to control cell growth, proliferation, and survival (17) (18) (19) . mTORC1, when activated by growth factors and nutrients, stimulates cell growth and proliferation by phosphorylating two key regulators of mRNA translation and ribosome biogenesis, S6K1 (ribosomal protein S6 kinase) and 4EBP1 (eukaryotic initiation factor 4E-binding protein 1) (20 -23) . In addition to the catalytic subunit mTOR, mTORC1 also contains four associated components, Raptor, mLST8/G␤L, PRAS40, and Deptor (24 -30) . Raptor, a regulatory associated protein of mTOR, plays an important role as a scaffolding protein to recruit substrates S6K1 and 4EBP1 to mTOR (31) . Upon growth factor stimulation, Raptor binding to substrates can be enhanced by the dissociation of the competitive inhibitor PRAS40 (the proline-rich Akt substrate of 40KDa) from mTORC1 (28, (32) (33) (34) . Raptor can also positively regulate mTOR activity in response to nutrient sufficiency by directly interacting with Rag family GTPases to induce mTORC1 relocalization to an intracellular vesicular compartment containing RheB, a Ras-like GTP-binding protein that activates mTOR via an unknown mechanism (35) (36) (37) . Another main upstream regulator of mTORC1 is the tuberous sclerosis complex (TSC), a heterodimer of TSC1 and TSC2. TSC functions as a GTPase activating protein to catalyze the conversion of Rheb-GTP to Rheb-GDP and thereby down-regulates mTOR activity (38, 39) .
Given that Raptor plays such an essential role in modulating the mTOR activity, a more detailed characterization of its biochemical properties is necessary to provide further insights into the regulatory mechanisms underlying mTORC1 activation. Recently, multiple phosphorylation sites of Raptor have been identified, several of which are critical for the regulation of mTORC1 activity in response to insulin, nutrients, or energy stress. Phosphorylation of Raptor Ser-722 and Ser-792 by AMP-activated protein kinase (AMPK) is required for the inhibition of mTORC1 and cell cycle arrest induced by energy stress (40) . RSK-mediated phosphorylation of Ser-719/721/722 enhances mTORC1 activity stimulated by the Ras/MAPK pathway (41) . Phosphorylation of Ser-863 by either mTOR or ERK1/2 promotes mTORC1 activation in response to various stimuli, including growth factors, nutrients, and cellular energy (42) (43) (44) . Taken together, these findings indicate that the complex phosphorylation status of Raptor is tightly associated with the activity of mTORC1.
We have demonstrated previously that suppression of ICK expression in cultured epithelial cells induced growth retardation and cell cycle delay at G 1 , concomitant with a marked down-regulation of mTORC1 activity (16) . Because ICK can interact with mTOR/Raptor in cells and because Raptor is an in vitro substrate for ICK (16), we sought to investigate whether ICK can target Raptor in vivo to regulate the mTORC1 activity and signaling events in accordance with various environmental cues. Using the ICK phosphorylation consensus, we identified a putative phosphorylation site, Thr-908, for ICK in human Raptor. By site-directed mutagenesis, we proved that ICK can phosphorylate Raptor Thr-908 in vitro and that this phosphorylation event still occurs when Raptor is in complex with mTOR. Furthermore, using mass spectrometry and a phospho-specific antibody, we showed that ICK is able to significantly enhance Raptor Thr-908 phosphorylation in vivo. More importantly, we were able to demonstrate that phosphorylation of Raptor Thr-908 is important for promoting mTORC1 activation. Our findings not only uncover a novel phosphorylation site of Raptor that contributes to the regulation of mTORC1 activity but also provide an important regulatory mechanism by which ICK controls cell proliferation and division.
EXPERIMENTAL PROCEDURES
Reagents-Recombinant human insulin (Novolin R) was from Novo Nordisk. Rapamycin and Calyculin A were from Calbiochem EMD Biosciences. DNA plasmids encoding FLAG-Raptor, FLAG-Raptor (S863A), FLAG-RheB, FLAGmTOR, FLAG-mTOR (rapamycin-resistant mutant S2035W), Myc-mTOR, AU1-mTOR, and HA-S6K1 were described in Ref. 44 . Torin1 was a gift to T. E. Harris from Dr. David Sabatini (Whitehead Institute). Human Raptor mutants T908A and T908E were generated using the QuikChange kit II from Stratagene and confirmed by DNA sequencing.
Antibodies-Antibodies to mTOR, Raptor, S6K1, phospho-S6K1 Thr-389, Akt, phospho-Akt Ser-473, and phospho-Akt Thr-308 were all from Cell Signaling Technology. An affinitypurified ICK rabbit polyclonal antibody was previously described in Ref. 16 . Anti-FLAG M2 monoclonal antibody and Anti-FLAG M2 affinity gel were from Sigma-Aldrich. AntiMyc monoclonal antibody (9E10) and anti-AU1 tag polyclonal antibody were from Pierce.
The polyclonal Raptor Phospho-Thr-908 antibody was generated in rabbits against keyhole limpet hemocyanin-coupled phosphopeptides (CSRDLPSGRPGpTTGP) using the custom antibody service from Genscript. Anti-phosphopeptide-specific antibodies were affinity-purified through a positive selection over phosphopeptide antigens followed by negative selections over non-phosphopeptide antigens and FLAG-Raptor T908A protein antigens.
Cell Culture, Transfection, and Treatment-HEK293T and HEK293E cells were maintained at 37°C and 5% CO 2 in DMEM supplemented with 4.5 g/liter glucose and 10% FBS. At 30 -40% confluence, cells were transfected using a calcium phosphate protocol as described in Refs. 5, 9. For insulin stimulation, cells were serum-starved overnight in DMEM containing 0.1% FBS, treated with 20 nM rapamycin for 20 min, and then with 100 nM insulin for 10, 30, 60 and 90 min respectively. For amino acid starvation, cells were incubated with Dulbecco's PBS (D-PBS) containing D-glucose (1 g/liter) and sodium pyruvate (1 mM) for 1 h.
Cell Extract Preparation and Immunoprecipitation-Cell extracts were prepared essentially as described in Ref. 9 . Briefly, cells were harvested in ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 2 mM EGTA, and supplemented with complete protease inhibitors (Roche), 1 mM Na 3 VO 4 , 1 M microcystin LR, and 5 mM ␤-glycerophosphate). To preserve mTOR-Raptor interaction, cells were lysed in CHAPS lysis buffer (40 mM HEPES (pH 7.4), 150 mM NaCl, 0.3% CHAPS, 1 mM EDTA, 1 mM EGTA, and supplemented with complete protease inhibitors (Roche), 1 mM Na 3 VO 4 , 1 M microcystin LR, and 5 mM ␤-glycerophosphate). After the cell lysate was cleared by centrifugation, the supernatant was incubated with antibodies bound to GammaBind Plus Sepharose beads (GE Healthcare) for 2 h at 4°C. The beads were extensively washed with lysis buffer followed by PBS buffer. The beads were boiled in SDS sample buffer (0.5 M Tris (pH 6.8), 10% SDS, 10% glycerol, 0.1% bromphenol blue) for 5 min to elute binding proteins.
In Vitro Kinase Assay-FLAG-Raptor or FLAG-Raptor/MycmTOR complex were immunoprecipitated from whole cell lysates as described above. The beads were extensively washed in lysis buffer followed by kinase buffer (50 mM HEPES (pH 7.5), 10 mM MgCl 2 , 5 mM DTT supplemented with complete protease inhibitors (Roche), 1 mM Na 3 VO 4 , 1 M microcystin LR, and 5 mM ␤-glycerophosphate). The bead samples were then incubated with 5 Ci [␥-
32 P]ATP (7000 Ci/mmol), 100 M ATP, and 1 g of affinity-purified His-ICK(1-296) in 50 l of kinase buffer at 30°C for 20 min with gentle agitation. The reaction was terminated by addition of 50 l of 2ϫ SDS sample buffer. The reaction sample was heated at 95°C for 5 min and separated on a 10% SDS gel. The gel was dried and exposed for autoradiograph.
Affinity Gel Purification of FLAG-tagged Raptor-FLAGRaptor (5 g of plasmid DNA/10-cm plate) was transfected into HEK293E cells. Forty-eight hours after transfection, cells were treated with 20 nM Calyculin A for 30 min before cell harvesting and lysis. FLAG-Raptor protein was purified from the whole cell extract by the anti-FLAG M2 affinity gel (Sigma Aldrich) following the manufacturer's instructions.
LC-MS/MS Analysis of FLAG-tagged
Raptor-FLAG-Raptor samples were reduced and carbamidomethylated at room temperature using dithiothreitol and iodoacetamide (Sigma Aldrich), respectively, and then digested proteolytically (1:20 enzyme to substrate) with trypsin (Promega), as reported previously (45) . An aliquot of the resulting peptide mixture was pressure-loaded onto a fused silica capillary precolumn (360 m outer diameter ϫ 75 m inner diameter) packed with 6 cm of irregular C18 reverse phase packing material (ODS-A, 120 Å pore size, 15 m diameter). Following a desalting rinse using 0.1 M acetic acid, the precolumn was connected to a fused silica capillary analytical column (360 m o.d. x 50 m i.d) containing 6 -8 cm of C18 reverse phase packing material (ODS-A, 120 Å pore size, 5 m diameter) and equipped with an electrospray emitter tip. The tryptic peptides were gradient-eluted into the mass spectrometer at a flow rate of 60 nL/min, as reported previously (46) .
Mass spectra were acquired on a front-end electron transfer dissociation-enabled LTQ-FT (Thermo Scientific). MS 1 spectra were acquired in the high-resolution FT mass analyzer and MS 2 spectra were acquired in the linear ion trap mass analyzer. Following each high resolution MS 1 spectrum, eight data-dependent low resolution MS 2 spectra were acquired in a collision activated disscociation/electron transfer dissociation toggle manner. All MS 2 spectra were collected using the following instrument parameters: one microscan, 3 m/z mass isolation window, default charge state of ϩ10, monoisotopic precursor selection "enabled," and precursor ions in the ϩ1 charge state were excluded from MS 2 analysis. Full automated gain control targets were set to 1e 6 for fourier transform mass spectrometry and 3e 4 for ion trap mass spectrometry. ETD spectra utilized a 30-ms reaction time with a 2-to 4-ms electron transfer reagent injection time with azulene as the electron transfer reagent.
MS Data Analysis-All MS 2 spectra were searched against a Raptor protein database, and the human, rat, and mouse nonredundant database using the open mass spectrometry search algorithm. Prior to searching the data, MS 2 peak lists were generated using a Java-based program written in-house. All searches were completed using either the "no enzyme" or "trypsin" digestion parameter. Precursor and peptide mass tolerances were set to Ϯ 0.05 and Ϯ 0.35, respectively. All database searches included the following variable modifications: carbamidomethylation of Cys; oxidation of Met; mono-, di-, and trimethylation of Lys; phosphorylation of Ser, Thr, and Tyr; and O-GlcNAcylation of Ser and Thr. The open mass spectrometry search algorithm removed the reduced charge species from the ETD peak lists prior to searching. Up to three missed cleavages were allowed for trypsin digest searches. Results from the complementary ETD/CAD searches were used as a guide for data analysis. All data were confirmed by manual interpretation of the MS 2 spectra.
RESULTS

ICK Phosphorylates
Raptor Thr-908 in Vitro-Previously we found that ICK promotes proliferation and G 1 cell cycle progression of cultured epithelial cells (16) . Furthermore, ICK can interact with mTOR/Raptor in vivo, and Raptor, but not mTOR, is an in vitro substrate for ICK (16) . These observations raised the intriguing questions as to whether Raptor is an in vivo target for ICK and, if so, whether ICK phosphorylation of Raptor plays an important role in regulating the activity of mTORC1.
Using the ICK phosphorylation consensus motif (Fig. 1A ) (9), we identified one putative ICK phosphorylation site, Thr-908, in human Raptor that is also conserved in mice and rats. To test whether Raptor Thr-908 can be phosphorylated by ICK, we performed an in vitro kinase assay using His-ICK(1-296), an active recombinant ICK protein including the entire catalytic domain of ICK (1-284) (9) . Beads bound with nearly equal amounts of either FLAG-Raptor WT or FLAG-Raptor T908A mutant proteins, as shown in the SDS gel (Fig. 1B) , were used as substrates. Although ICK was able to robustly phosphorylate the wild-type Raptor, the T908A mutation almost completely abolished the phosphorylation of Raptor by ICK (Fig. 1, B and C). This result indicates that Thr-908 is the predominant ICK phosphorylation site on Raptor in vitro.
ICK Is Capable of Phosphorylating Raptor Thr-908 When Raptor Exists in Complexes with or without mTOR-
A previous study has demonstrated that Raptor was eluted off a gel filtration column in two major peaks, a high M r peak that overlapped with the mTOR peak and a low M r peak where very little, if any, mTOR was found (47) . This observation suggests that Raptor may exist in distinct protein complexes in vivo. We reported previously that ICK could interact with Raptor with or without mTOR in complex (16) . These results together prompted us to ask whether ICK cofractionates with Raptor in vivo and, more importantly, whether phosphorylation of Raptor Thr-908 by ICK occurs in protein complexes with or without mTOR. To address the first question, we examined the distribution pattern of the endogenous ICK protein in different fractions from a size-exclusion chromatography column that was used previously to characterize the fractionation profiles of mTOR and Raptor (47) . We were able to recapitulate the original observation that Raptor displays two major elution peaks, with the high M r peak coinciding with the peak of mTOR (Fig. 2, F12) . Interestingly, we observed that the single peak of ICK largely overlaps with the low M r peak of Raptor that contains very little (Fig.  2, F15) or an undetectable amount of mTOR (F16), suggesting that ICK may coexist with Raptor in protein complexes with or without mTOR.
To address the question whether ICK is able to phosphorylate Raptor when it is in complex with mTOR, we either expressed FLAG-Raptor alone (positive control) or coexpressed FLAG-Raptor and Myc-mTOR in HEK293T cells (Fig.  3) . After immunoprecipitation, the immune complexes captured on beads were used as substrates for ICK in an in vitro kinase assay. FLAG-Raptor alone was robustly phosphorylated by ICK (Fig. 3A, left panel) . ICK was able to increase the phosphorylation of FLAG-Raptor in the Myc-mTOR immune complexes (Fig. 3, A, right panel, and B, left panel) , although it appears that FLAG-Raptor was phosphorylated in the Myc-mTOR immunoprecipitates in the absence of ICK. Given that mTOR is known to phosphorylate Raptor Ser-863, we used an mTOR-specific inhibitor, Torin 1, in our in vitro kinase assay to suppress Raptor Ser-863 phosphorylation. As expected, Torin 1 was able to FIGURE 1. ICK phosphorylates Raptor Thr-908 in vitro. A, the substrate phosphorylation consensus for ICK is R-P-X-S/T-P/A/T/S, with the preference for arginine at P-3 and proline at P-2 being more stringent than for proline at p ϩ 1. Raptor Thr-908 lies within the ICK consensus motif R-P-G-T-T/A that is conserved in human, mouse, and rat. B, FLAG-tagged human Raptor of either the WT or the T908A mutant (T908A) was expressed in HEK293T cells. FLAGRaptor from the whole cell lysate was captured on beads through anti-FLAG immunoprecipitation. The beads sample was incubated with His-ICK(1-296) for an in vitro kinase assay. Also shown are the effectively abolish FLAG-Raptor phosphorylation in the MycmTOR immune complexes in the absence of ICK (Fig. 3B, right  panel) , suggesting that Raptor Ser-863 is the major phosphorylation site of FLAG-Raptor in the Myc-mTOR immunoprecipitates. In the presence of Torin 1, it is apparent that ICK was able to further enhance the phosphorylation of FLAG-Raptor when Raptor is in complex with mTOR. These results demonstrate that ICK is able to phosphorylate Raptor in vitro when Raptor is either alone or associated with mTOR.
Raptor Thr-908 Phosphorylation Does Not Prevent the Association between Raptor and mTOR-Because Raptor Thr-908 can be phosphorylated by ICK when Raptor is not in complex with mTOR, we asked the question whether the binding capacity of Raptor to mTOR is affected by Raptor Thr-908 phosphorylation. FLAG-Raptor proteins were isolated from the whole cell lysate by anti-FLAG immunoprecipitation and were phosphorylated in vitro by His-ICK(1-296). Phosphorylation of Thr-908 on FLAG-Raptor was confirmed by the phospho-Thr-908 antibody signal on Western blot analysis (Fig. 4) . Our mass spectrometry analysis also indicated that nearly 100% of FLAGRaptor is Thr-908-phosphorylated after in vitro reaction with His-ICK(1-296) (data not shown). The bead samples containing FLAG-Raptor were incubated with the whole cell lysate containing Myc-mTOR, and the amount of Myc-mTOR bound to the beads was assessed on Western blot analysis by the antiMyc antibody. FLAG-Raptor that is fully phosphorylated at Thr-908 by ICK appears to be able to bind Myc-mTOR, albeit to a lesser extent than FLAG-Raptor that contains very little phospho-Thr-908 signals (Fig. 4) . This result indicates that Raptor, once phosphorylated on Thr-908 by ICK, is still able to associate with mTOR.
Phosphorylation of Raptor Thr-908 Can Be Catalyzed by ICK in Vivo-To determine whether Raptor Thr-908 can be phosphorylated in vivo by ICK, we conducted mass spectrometry analyses of FLAG-Raptor expressed in HEK293E cells with or without recombinant ICK (Fig. 5A) . To enrich the sample with phospho-signals that are prone to quick turnover, we treated cells with Calyculin A, an inhibitor of the protein phosphatase 1/2A family of protein phosphatases, before harvesting and isolation of FLAG-Raptor for mass spectrometry analyses. Using this method, we identified a total of 12 phosphorylation sites on Raptor that form three clusters located in the region between the N-terminal HEAT repeats and the C-terminal WD repeats Ser-719/Ser-721/Ser-722 (cluster 1), Ser-854/Ser-855/Ser-859/ Ser-863/Ser-877/Ser-886/Ser-887 (cluster 2), and Thr-908/ Thr-917 (cluster 3) (Fig. 5B and supplemental table) . Although the presence of phospho-sites within clusters 1 and 2 has been reported previously (40, 41, 43, 44, 48) , this study reveals the presence of two novel phospho-sites, Thr-908 (Fig. 5C ) and Thr-917 (D), within cluster 3. Coexpression with ICK significantly increased the percentage of mono-phosphorylated peptide containing Thr-908 as compared with that of mono-phosphorylated peptide containing Thr-917 (Fig. 5E ), suggesting that ICK selectively targets Thr-908 in vivo.
To further confirm this result, we also assessed Raptor Thr-908 phosphorylation on FLAG-Raptor with and without coexpression with GST-ICK using an affinity-purified rabbit polyclonal phospho-Thr-908 antibody (Fig. 5F ). In the absence of FIGURE 3. ICK is able to phosphorylate Raptor Thr-908 either with or without mTOR in the same complex. A, FLAG-Raptor was either transfected alone or cotransfected with Myc-mTOR in HEK293T cells. After immunoprecipitation (IP) using anti-FLAG or anti-Myc antibodies, recombinant proteins of Raptor or Raptor bound to mTOR on beads were used as substrates for an in vitro kinase assay. Shown are the 32 P-autoradiograph (Autorad) and the Coomassie-stained SDS gel. An aliquot of the beads samples from the above in vitro kinase assay was Western blotted against anti-Myc and anti-FLAG antibodies. B, Myc-mTOR and FLAG-Raptor were coexpressed in HEK293T cells. The recombinant mTOR/Raptor complex was isolated from the whole cell lysate by the anti-Myc immunoprecipitation. The immune complex captured on beads was used as substrates for an in vitro kinase assay in the absence or presence of 100 nM Torin 1. Shown are the 32 P-autoradiograph and the Coomassie-stained SDS gel (7.5%). An aliquot of the beads samples from the above in vitro kinase assay was separated on a 10% SDS gel and Western-blotted against anti-Myc and anti-FLAG antibodies. FIGURE 4. Raptor Thr-908 phosphorylation does not prevent Raptor from association with mTOR. FLAG-Raptor was expressed in HEK293T cells. After anti-FLAG immunoprecipitation (IP), FLAG-Raptor was captured on affinity gel beads. The bead samples were subjected to an in vitro kinase reaction in the absence (negative control) or presence of His-ICK(1-296). The phosphorylation status of Thr-908 on FLAG-Raptor was assessed by blotting the beads samples with the anti-phospho-Thr-908 antibody. The bead samples were extensively rinsed and then incubated with the whole cell lysate (WCL) containing Myc-mTOR for 2 h at 4°C. Following rigorous rinses, the bead samples were analyzed for the presence of Myc-mTOR and FLAG-Raptor by blotting with anti-Myc and anti-FLAG antibodies respectively. Also shown is the total Myc-mTOR input from the whole cell lysate.
FIGURE 5. Phosphorylation of Raptor Thr-908 by ICK occurs in vivo.
A, FLAG-Raptor was expressed alone or with GST-ICK in HEK293E cells. FLAG-Raptor was captured from the whole cell lysate and purified by anti-FLAG affinity gel. Affinity gel beads were extensively rinsed by lysis buffer followed by Tris buffer (50 mM Tris, 150 mM NaCl (pH 7.6)). Purified FLAG-Raptor on beads was shown on a Coomassie-stained SDS gel (left panel). A portion of the whole cell lysate was blotted with anti-FLAG and anti-GST antibodies to confirm the expression of FLAG-Raptor and GST-ICK, respectively. Bead samples were analyzed by mass spectrometry to determine the relative percentage of the unphosphorylated and phosphorylated signals. B, schematic illustration of the distribution of in vivo Raptor phosphorylation sites identified by mass spectrometry in this study (see details in supplemental table). C and D, The ETD MS/MS spectrum acquired in the ion trap of a front end electron transfer dissociation-enabled LTQ-FT on the [Mϩ4H] 4ϩ ions (m/z 704.0) of the tryptic peptide DLPSGRPGTTGPAGAQYTPH-SHQFPR phosphorylated on Thr-908 and Thr-917, respectively. Predicted product ions of the cЈ-and zЈ ⅐ -types are listed above and below the peptide sequence, respectively. Singly charged ions are listed as monoisotopic masses, and doubly charged ions are listed as average masses. Fragment ions observed in the spectrum are underlined within the peptide sequence and are sufficient to localize the site of phosphorylation to Thr-908. Ions in the precursor isolation window are labeled with a triangle (). Brackets enclose ions that correspond to charge-reduced species and fragments derived from them by loss of small, neutral molecules. E, extracted ion chromatograms of monophosphorylated FLAG-Raptor peptide Asp-900-Arg-925 and the table displaying % relative abundances of species. The top chromatogram is FLAG-Raptor, and the bottom chromatogram is FLAG-Raptor coexpressed with ICK. The earlier eluting species (species 1) is phosphorylated on Thr-917, and the later-eluting species (species 2) is phosphorylated on Thr-908. F, FLAG-Raptor WT or T908A mutant (TA) was either expressed alone or coexpressed with GST-ICK in HEK293T cells. The anti-FLAG immunoprecipitates (IP) were blotted with anti-FLAG and antiphospho-Thr-908 antibodies to assess the total FLAG-Raptor and the phospho-Thr-908 signals, respectively. G, FLAG-Raptor WT was coexpressed with Myc-mTOR in the absence or presence of GST-ICK in HEK293T cells. After anti-Myc immunoprecipitation, FLAG-Raptor associated with Myc-mTOR was assessed for the total FLAG-Raptor and the phospho-Thr-908 signals, respectively, as described in F.
GST-ICK, very few phospho-Thr-908 signals were detected on the WT FLAG-Raptor. Strikingly, coexpression of GST-ICK was able to markedly enhance the phospho-Thr-908 signals on FLAG-Raptor WT. This significant increase in the phosphoThr-908 reactivity was completely abolished by the Raptor T908A (TA) mutant, confirming the specificity of the phosphoThr-908 signal. Similar results were obtained when Raptor associated with mTOR was analyzed for Thr-908 phosphorylation in the absence and presence of ICK coexpression in vivo (Fig. 5G) , consistent with the results from our in vitro kinase assay experiment (Fig. 3) , suggesting that ICK is able to phosphorylate Raptor Thr-908 when Raptor is associated with mTOR. Together, these results indicate that phosphorylation of Raptor Thr-908 occurs in vivo and can be markedly enhanced by ICK overexpression.
Phosphorylation of Raptor Thr-908 Is Able to Promote mTORC1 Activation without Altering Raptor Binding to mTOR
or Its Substrate-Given the region between the N-terminal HEAT repeats and the C-terminal WD repeats of Raptor contains several mTOR activity-modifying phosphorylation sites, we sought to investigate whether Raptor Thr-908 plays an important role in regulating the activation of mTORC1. To determine the activity of mTORC1 in vivo upon insulin stimulation, we expressed recombinant mTOR, Raptor, and S6K1 proteins in HEK293E cells and assessed the phosphorylation status of two well known mTORC1 phosphorylation sites that are sensitive to insulin, S6K1 Thr-389 and 4EBP1 Ser-64. To minimize the interference of endogenous mTORC1, the mTOR rapamycin-resistant mutant S2035W, instead of the wild-type mTOR, was used so that the endogenous activity of mTORC1 can be suppressed by rapamycin treatment (shown in supplemental Fig. 1 ) before insulin stimulation. Because the Raptor S863A mutant has been reported to attenuate the activation of mTORC1 by insulin (42) (43) (44) , it was thus included in our assay as a positive control. Similar to Raptor S863A, Raptor T908A also failed to increase the phosphorylation level of S6K1 Thr-389 to the same extent as that shown by the wild-type Raptor (Fig. 6A) , which is particularly evident at later time points of insulin treatment (Fig. 6B, qualification data) . Similarly, the Raptor mutant T908A was not able to elevate the level of phospho-4EBP1 Ser-64 signal to the same extent as that of the wildtype Raptor (Fig. 6B) . Unfortunately, substitution of Glu for Thr at the 908 position was not able to mimic phosphorylation in that the Raptor T908E mutant yielded similar results as the Raptor T908A mutant when the mTORC1 activity was assessed (data not shown). These results, taken together, implicate a critical role for Raptor Thr-908 phosphorylation in the full activation of mTORC1 in response to insulin.
Because overexpression of the GTP-binding protein RheB is capable of rescuing S6K1 from inactivation by amino acid withdrawal (49), we tested whether Raptor T908A mutation affects RheB-dependent activation of mTORC1 in response to amino FIGURE 6 . ICK-mediated phosphorylation of Raptor Thr-908 is important for activation of mTORC1 by insulin or by Rheb overexpression. A, FLAGRaptor of WT or mutants (S863A, T908A) was cotransfected with FLAG-mTOR (rapamycin-resistant mutant S2035W) and HA-S6K1 into HEK293E cells. Thirty-six hours after transfection, cells were serum-starved overnight, treated with 20 nM rapamycin for 20 min, and then stimulated with 100 nM insulin for various time points as indicated. From cell extracts, the expression levels of total proteins of S6K1, mTOR, and Raptor as well as the phospho-S6K1 Thr-389 signals were assessed by immunoblotting. B, FLAG-Raptor WT or the T908A mutant was coexpressed with recombinant mTOR and S6K1 in HEK293E cells. Cells were treated essentially the same as described in A. The activities of mTORC1 toward substrates S6K1 and 4EBP1 were assessed by immunoblotting with phospho-specific antibodies recognizing S6K1 phospho-Thr-389 and 4EBP1 phospho-Ser-64, respectively. SE, short exposure; LE, long exposure. The values of phospho-specific signals normalized by the total protein signals are shown. Similar results were obtained from three independent experiments. C, FLAG-Raptor WT or the T908A mutant, the rapamycin-resistant FLAG-mTOR, and HA-S6K1 were coexpressed in HEK293E cells in the absence or presence of FLAG-Rheb. Forty-eight hours after transfection, cells were treated with 20 nM rapamycin for 30 min followed by amino acid starvation for 60 min. The mTORC1 activity toward its substrate S6K1 was assessed by immunoblotting with the phospho-S6K1 Thr-389 antibody. SE, short exposure; LE, long exposure. The values of the phospho-specific signals normalized by the total S6K1 protein signals were shown. acid starvation. Rapamycin-resistant mTOR, Raptor wild-type or the T908A mutant, and S6K1 were coexpressed in the absence or presence of RheB. After rapamycin pretreatment to suppress endogenous mTORC1 activity, cells were amino acidstarved. As reported previously (49), overexpression of RheB is able to rescue S6K1 from inactivation by amino acid depletion in cell culture medium (Fig. 6C) . The Raptor T908A mutant, however, exhibited reduced capability of RheB-dependent rescue of S6K1 phosphorylation as compared with the wild-type Raptor (Fig. 6C) , suggesting that Raptor Thr-908 phosphorylation is important for RheB-dependent activation of mTORC1 in response to amino acid starvation.
To investigate the possible causes for the biological effects of the Raptor T908A mutation, we assessed whether the T908A mutation alters the association of Raptor with mTOR or its substrates. We coexpressed recombinant mTOR with either Raptor WT or the Raptor T908A mutant in cells. After mTOR was pulled down by immunoprecipitation, the levels of Raptor WT and the Raptor T908A mutant associated with mTOR were analyzed by Western blot analysis. No significant change in the amount of Raptor bound to mTOR was detected between the wild type and the T908A mutant (Fig. 7A) . In addition, we also tested whether the Raptor T908A mutant possesses a binding capacity to S6K1 that is very different from that of the wild-type Raptor. The Raptor T908A mutant bound as efficiently as the wild-type Raptor to the mTOR substrate S6K1 (Fig. 7B) . Taken together, our results indicate that the Raptor T908A mutant does not appear to affect the binding capacity of Raptor to mTOR and S6K1.
DISCUSSION
In summary, we identified Raptor Thr-908 as an in vitro and in vivo phosphorylation site for ICK and demonstrated the importance of Raptor Thr-908 phosphorylation in promoting the activity of mTORC1. Our study thus provided a novel mechanistic insight into the regulatory mechanism by which ICK modulates the mTORC1 activity.
Emerging evidence from several previous studies have defined two clusters of phosphorylation sites on Raptor (40, 41, 43, 44, 48) , several of which (Ser-863, Ser-719, Ser-721, and Ser-722) are critical for regulating the mTORC1 activity under different biological contexts. We hereby reported a cluster of two new in vivo phosphorylation sites (Thr-908 and Thr-917) on Raptor that is located in the same region as the other two groups. Among the two new sites, Thr-908 can be specifically targeted by ICK in vivo and is important for full activation of mTORC1. The biological significance and the protein kinase associated with phosphorylation of Thr-917 are still unknown.
In contrast to the strong signal of phospho-Ser-863, the signal of phospho-Thr-908 was weak on mass spectrometry, suggesting either a low stoichiometry of Thr-908 phosphorylation under steady-state conditions or that Thr-908 phosphorylation occurs only on a small fraction of Raptor because of specific subcellular compartmentalization. Furthermore, unlike Ser-863, phosphorylation of Thr-908 was not sensitive to insulin (data not shown), suggesting that the regulatory mechanism for the phosphorylation of Thr-908 is very different from that of Ser-863. This observation, however, is consistent with our finding that Thr-908 is a target for ICK because unpublished data from us (16) and others (2) have suggested that ICK is not activated by growth factors, including insulin.
Our findings here indicate that although Thr-908 phosphorylation is not sensitive to insulin treatment, it does exert a significant effect on the insulin-stimulated mTORC1 activity. An example demonstrating a similar regulatory paradigm comes from a recent study by Ekim et al. (50) . Two phosphorylation sites, Ser-2159 and Thr-2164 within the mTOR kinase domain were identified, neither of which appears to be an mTOR autophosphorylation site. Both sites are of low stoichiometry and not sensitive to insulin treatment, yet they are important in promoting mTORC1 activity and signaling (50) . Given that very little is known about how the activity of ICK is up-regulated, the regulatory mechanisms for Raptor Thr-908 phosphorylation catalyzed by ICK in vivo await further investigation.
Data from us and others have identified and placed the majority of the phosphorylation sites of Raptor in the linker region between the N-terminal Heat domain and the C-terminal WD domain. The study of the yeast TOR-Raptor complex by electron microscopy has revealed that TOR and Raptor are FIGURE 7 . Raptor T908A mutation does not significantly alter binding of Raptor to mTOR and S6K1. A, HEK293E cells were cotransfected with Myc-or AU1-tagged mTOR and FLAG-tagged Raptor (WT or T908A), serum-starved, and stimulated with 100 nM insulin for 30 min. Myc-mTOR or AU1-mTOR was immunoprecipitated (IP) from the whole cell extract using anti-Myc or anti-AU1 antibodies, respectively. The level of FLAG-Raptor associated with either Myc-mTOR or AU1-mTOR immunoprecipitates was determined by immunoblotting (IB) with anti-FLAG. Total amounts of FLAG-Raptor, Myc-mTOR, and AU1-mTOR from the whole cell extract were indicated on Western blot analysis by using anti-FLAG, anti-Myc, and anti-AU1 antibodies, respectively. B, HEK293E cells were cotransfected with AU1-mTOR, FLAG-Raptor (WT or T908A), and HA-S6K1; serum-starved; and stimulated with 100 nM insulin for 30 min. FLAG-Raptor was immunoprecipitated from the whole cell extract by anti-FLAG, and the level of HA-S6K1 associated with the FLAG-Raptor immune complex was assessed on Western blot analysis using anti-HA. Total signal inputs of S6K1 and Raptor from the whole cell extract were also indicated on Western blot analysis. Insulin effect was indicated by the increase of phospho-ERK1/2 signals in the whole cell lysate.
arranged in a head-to-toe, anti-parallel form. The structural model on the basis of such organization predicts that 1) the N-terminal RND domain of Raptor, which binds to the TOS motif of TORC1 substrates, is in close proximity to the C-terminal kinase domain of TOR; 2) the Heat domain, the linker region, and the WD40 domain of Raptor are predicted to be in direct contact with the Heat domain of TOR. Similar to Ser-863, mutation of Thr-908 did not appear to change the ability of raptor binding to either mTOR or its substrates. These results argue that the Raptor S863A and T908A mutations did not significantly disrupt the binding interface between Raptor and mTOR or mTOR substrates. Instead, these mutations may achieve their regulatory effects on the mTOR activity by inducing subtle conformational changes that affect the catalytic core of mTOR.
Our studies confirmed a previous report (47) where endogenous Raptor exists in protein complexes with and without endogenous mTOR. Because we were not able to detect endogenous phospho-Thr-908 signals either by mass spectrometry or by the phospho-Thr-908 specific antibody, the endogenous Raptor Thr-908 phosphorylation status in different protein complexes is not yet clear. However, our data have provided strong evidence suggesting that ICK is capable of targeting Thr-908 when Raptor is either with or without mTOR as a partner. In addition, once phosphorylated at Thr-908, Raptor can still associate with mTOR. Therefore, we speculate that the endogenous Thr-908 signal may exist in Raptor complexes with and without mTOR. In comparison, the catalysis of Raptor Ser-863 phosphorylation may also occur when Raptor is either with or without mTOR in complex, depending upon whether Raptor is targeted by mTOR (43, 44) or ERK1/2 (42) under a different cell stimulus.
Carriere et al. (42) reported that ERK1/2 can interact and phosphorylate Raptor in an mTOR-independent manner. Both ICK and ERK1/2 seem to be able to target Raptor in an mTORindependent state but somehow affect the mTOR activity. One possible mechanism is that Raptor may be modified by phosphorylation through a variety of protein kinases such as ICK and ERK1/2 in the low M r protein complexes and then is dynamically relocated to the high M r protein complexes to associate with mTOR and affect the activity of mTORC1. This potential scenario could offer an opportunity for Raptor to be modified and regulated through insulin-PI3K-mTOR-independent pathways, such as Ras/MAPK for Raptor Ser-863 and ICK for Raptor Thr-908.
Although expression of the T908A mutant exhibited a significant compromise in the increase of mTOR substrate phosphorylation following insulin stimulation, the Thr-908 mutation by itself was not able to completely abolish the activation of mTORC1, suggesting that mutating additional phosphorylation sites are required for a more complete inactivation of mTORC1. This is in agreement with a previous report that multisite phosphorylation of Raptor was able to achieve a much stronger effect in promoting the activation of mTORC1 than any single site, such as Ser-863 (43) . It remains a big challenge for future investigations to determine systematically how the complex phosphorylation events on Raptor are coordinated temporally and spatially to regulate the activity and the biological functions of mTORC1 in response to different environmental cues.
By identifying a novel phosphorylation site, Thr-908, on Raptor that plays an important role in regulating the activity of mTORC1, our study has provided further support to the current view that Raptor is a major target of multiplex phosphorylation events and phosphorylation of Raptor is an important mechanism to achieve the dynamic regulation of the mTORC1 activity and functions in response to diverse environmental cues. More importantly, by uncovering the biological functions of Raptor Thr-908 and its relationship with ICK, we have provided an unprecedented insight into the molecular and signaling mechanisms underlying the biological functions and regulations of ICK.
